X-ray measurements reveal a crystalline monolayer at the surface of the eutectic liquid Au 82 Si 18 , at temperatures above the alloy's melting point. Surfaceinduced atomic layering, the hallmark of liquid metals, is also found below the crystalline monolayer. The layering depth, however, is threefold greater than that of all liquid metals studied to date. The crystallinity of the surface monolayer is notable, considering that AuSi does not form stable bulk crystalline phases at any concentration and temperature and that no crystalline surface phase has been detected thus far in any pure liquid metal or nondilute alloy. These results are discussed in relation to recently suggested models of amorphous alloys.
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Surface melting -the coexistence of a liquid surface layer with the bulk crystal at temperatures below the bulk melting point T m -has been observed in a wide range of materials (1, 2) and occurs because the entropy of molecules at the free surface is greater than that in the bulk due to the reduced number of their near-neighbors. The opposite effect, surface freezing, where a crystalline surface layer coexists with its molten bulk, is much rarer. Surface freezing has been observed, however, in complex liquids composed of high-anisotropy molecules, such as molten unary or binary alkanes and their derivatives (3) , and in liquid crystals (4) . Theory assigns the occurrence of this effect to the highly anisotropic shape of the molecules and to their lengths being greater than the interfacial width (5) .
Freezing of the surface-segregated component into a two-dimensional (2D) solid layer has also been reported recently in the very dilute binary metallic alloys Ga 99.948 Pb 0.052 (6) and Ga 99.986 Tl 0.014 (7) . A different ordering effect, surface-induced layering consisting of stratified layers ( Fig. 1 ) near the vapor interface (8, 9) , has been observed in all liquid metals and alloys studied to date. The decay of the layering order with depth is exponential and has a range equal to the bulk liquid correlation length (two to three atomic diameters). No surface-parallel ordering was found within these layers in any elemental liquid metal. Similar layering, along with epitaxially induced surface-parallel order, has also been observed in both metallic and nonmetallic liquids near solid/liquid interfaces (10, 11, 12) .
We present evidence for surface crystallization and enhanced surface layering in the liquid Au 82 Si 18 eutectic alloy of a type unlike that previously reported for any liquid metal or alloy.
A surface monolayer that exhibits lateral long-range crystalline order was found above the eutectic temperature T e =359
• C. Beneath this monolayer, seven to eight layers occur that are liquid in the lateral direction but well defined in the normal direction. The crystalline surface monolayer and the enhancement of the surface-induced layering range beyond the two to three layers observed in all other liquid metals studied to date clearly have a common origin. The surface-frozen monolayer undergoes a first-order transition into a different surface phase 12
These unusual surface structures probably result from the equally unusual bonding properties of metastable amorphous bulk AuSi. AuSi, the first metallic alloy found to exhibit a glassy solid phase (13) , remains one of the most puzzling amorphous solids. Silicon-rich amorphous
AuSi is a semiconductor, has a low packing density, and has a low atomic coordination number (4 to 5). Its main structural motif is a continuous random network of covalently bonded
Si atoms. The Au-rich alloy, however, is a metallic glass, almost as dense as a face-centered cubic lattice, has a high atomic coordination number (8 to 9), and has a random hard-sphere packing (14) . Such random packing in amorphous metals was recently shown to consist of interpenetrating clusters, the outer atoms of which are shared by adjacent clusters (15, 16). Because Si has a lower surface tension than Au, the surface of liquid AuSi alloy is Si-rich, so atomic packing and bonding at the surface might be expected to be more like that of the covalently bonded Si-rich alloys than the metallic Au-rich bulk.
The existence of a very deep eutectic (for Au 82 Si 18 ) at T e ≈359
• C, much below T m =1063
• C of Au and T m =1412
• C of Si ( Fig. 2A, inset) , arises from the bonding effects discussed above. Below T e , AuSi phase-separates in thermodynamic equilibrium into crystalline Au and Si, with no mutual solid solubility and no stable crystalline intermetallic compounds, whereas metastable amorphous AuSi phases can be achieved by rapid quenching, sputtering and other techniques (14) .
X-ray reflectivity off a liquid surface, R(q z ), is measured as a function of the grazing angle of incidence α. Here q z = (4π/λ) sin α is the surface-normal wavevector transfer and λ is the xrays' wavelength. The ratio R/R F , where R F is the theoretical reflectivity off of an ideally flat and abrupt liquid-vapor interface, depends on the surface-normal electron density profile ρ(z).
A layered interface produces a Bragg-like peak in R(q z )/R F (q z ) because of the constructive 3 interference of the rays reflected from the periodically ordered surface layers (8) . The larger the number of layers, the higher is the layering peak. Fig. 2A demonstrates that the AuSi layering peak at 370
• C is at least one order of magnitude higher than for the standard layering profile observed in all elemental liquids measured to date (17) . This result implies that there are more than the two to three layers found in all previously measured liquid metals.
Indeed, a theoretical model fit to the measured values of R(q z )/R F (q z ) ( Fig. 2A, red line) yields the ρ(z) curve shown in Fig. 2B . Although the finer details of this ρ(z) curve may not be unique, two features were independent of the model used: the 2.5-nm-thick layering range (seven to eight well-defined atomic layers) and the Si enrichment of the top layer, indicated by a ρ-value less than that of ρ bulk , which corresponds to ∼ 70 atomic % Si. This value agrees well with the 67 atomic % calculated from the Gibbs adsorption rule for an ideal binary solution (18) .
No variation was found in the measured R(q z ) from T e = 359
• C up to 371 Fig. 2A , curve with black squares). By monitoring R(q z ) at a fixed q z while varying the temperature (Fig. 2B, inset) , we found the surface phase transition at 371
• C to be reproducible and to exhibit no hysteresis (<0.1 • C). The narrow width of 0.17
• C suggests a first-order phase transition.
The surface-parallel structure was explored by grazing incidence x-ray diffraction (GIXD).
X-rays impinging on the liquid AuSi surface well below the critical angle penetrated the surface only evanescently, to a depth of ∼ 1.4 nm (19), and produced a diffraction pattern for only the top ∼ 5 atomic surface layers. The GIXD pattern measured for 359 monolayer. This result agrees with d value of ≈ 2.5Å that is estimated from the ratio of the integrated intensities of the GIXD peaks and the broad liquid peak.
Notably, despite the crystalline order, the capillary surface dynamics are still liquid-like; the diffuse scattering measured away from the specular peak exhibits a power-law behavior characteristic of the height-height correlations in liquid surfaces (21) (Fig. 3, left The crystalline AuSi monolayer's structure does not resemble those of pure Au, pure Si or any of the reported metastable bulk intermetalics. However, crystalline phases with unit cell dimensions a=7.44Å and b=9.33Å similar to those observed in our study, were reported in thin Au films deposited on a Si(111) surface (22) . Some of these phases were thought to be surface phases, and some may exist also in the bulk. No reliable thickness of these phases could be obtained by the low-energy electron diffraction and Auger electron spectroscopy techniques that were used. A clear understanding of the formation mechanism, stability, and surface specificity 5 of the crystalline phases in this system has not yet emerged (23) . However, the strong Si-Si bonding (24) was suggested to play a crucial role, as well as the quasi-2D atomic coordination near the surface (25) . In our case, the Gibbs adsorption surface enrichment by Si atoms is likely to facilitate the chemical Au-Si bonds that stabilize the crystalline surface layer but which evolve to metallic-like bonding away from the surface (26).
The Si packing in the crystalline surface monolayer (Fig. 3, right inset) (15) indicates that the unit cell packing here is close to the interpenetrating cluster structure recently suggested as the main structural motif of bulk amorphous solids.
The formation of a surface-frozen phase is typically marked by a change in the slope of the surface tension versus temperature curve, γ(T ), from dγ/dT > 0 for a crystalline surface to dγ/dT < 0 for a liquid surface (3). Indeed, a positive slope is reported for AuSi above melting (27) , in line with the crystalline phase reported here. The change to a negative slope, reported to occur at T ≈ 800 to 900
• C (27) , should indicate the melting of the ordered surface structure. Similar positive γ(T ) slopes above melting have been recently reported for AgSn, AgBi, AgIn, InCu, CuSn, MnSn and AuZn binary alloys, implying that the formation of surfacefrozen phases may be not an entirely uncommon phenomenon in multi-component liquid alloys.
Beyond its importance for understanding the physics underlying amorphous metallic alloys, AuSi is also of high technological importance, because Au is widely used in interconnecting integrated circuits on Si substrates. AuSi also has important nanoscale applications such as the self-assembly of Si nanowires (28) and low-temperature bonding in micro-and nanoelectromechanical devices (29) . Surface phases are of particular importance for nanotechnology, because
properties of objects at the nanometer scale are expected to be dominated by surfaces and interfaces. • and its fit (line) by the capillary wave theory prediction for γ = 780 mN/m. I/I peak is the x-ray intensity normalized by the scan's peak intensity value. (Right inset) Crystal unit cell obtained from GIXD pattern, where (a=7.386Å, b=9.386Å. Au, yellow circles; Si, blue circles.
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